The polymodal channel TRPV4 has been shown to regulate development and maintenance of cartilage. Here we investigate whether TRPV4 activity regulates the early deposition and structure of collagen matrix in the femoral head cartilage by comparing the 3D morphology and the sub-micrometer organization of the collagen matrix between wild type and Trpv4 −/− mice pups four to five days old. Two-photon microscopy can be used to conduct label-free imaging of cartilage, as collagen generates a second harmonic signal (second harmonic generation [SHG]) under pulsed infrared excitation. In one set of measurements, we use circularly polarized laser light to reconstruct the 3D morphology of the femoral head cartilage and to measure the tissue thickness. Second, by rotating the direction of the linearly polarized light and using polarized SHG detection, we investigate the sub-micrometer orientation of collagen fibers in the cartilage. At this developmental stage, we cannot detect statistically significant differences between the two mice strains, although a tendency toward a more random orientation of collagen fibers and a higher thickness of the whole cartilage seems to characterize the Trpv4 −/− mice. We discuss possible reasons for these observations.
STUDIES of the architecture and function of articular cartilage are particularly important due to the high incidence of pathological conditions such as osteoarthritis (OA), especially in the population > 45 years of age (1) . The normal functioning of the articular cartilage is based on an interrelation between (a) the mechanical properties of the cartilage matrix and the articular fluid on the one hand and (b) the anabolic and catabolic processes within the cellular elements (chondrocytes) on the other hand.
The homeostatic maintenance of cartilage depends on the ability of chondrocytes to sense and respond to changing mechanical loads. There are a range of mechanosensors in these cells that have been shown to influence chondrocyte biology, including mechanosensitive ion channels. It has been demonstrated that distinct types of mechanical stimuli can activate different ion channels in primary chondrocytes, where PIEZO1 is activated by cellular compression (2) , stretch of the membrane and, to a lesser degree, by tensile inputs applied at the cell-substrate interface (3) . In contrast, the polymodal channel TRPV4 is only activated by mechanical inputs that affect the chondrocyte at cell-substrate connections (3) .
Manipulation of TRPV4 using pharmacological tools has demonstrated that signaling via TRPV4 can regulate the production of extracellular matrix (ECM) proteins by chondrocytes. In vitro studies using a TRPV4-specific agonist have shown that TRPV4 activation increases ECM production by chondrocytes even in the absence of a mechanical input (4) . In addition, the application of a TRPV4-specific antagonist during cyclic mechanical loading inhibits the mechanically dependent production of matrix (4) . What is not clear is how mechanical activation of TRPV4 affects chondrocyte biology and cartilage homeostasis in vivo. This question is particularly difficult to address as TRPV4 has been involved in chondrocyte development (5) . In addition, a global knockout of TRPV4 and conditional knockout of TRPV4 in adult chondrocytes have divergent impacts on the development of OA. Namely, Trpv4 −/− mice are more susceptible to developing age-and obesity-related OA (6) , whereas the conditional mutants-where TRPV4 is removed from adult cartilage-are protected against the onset of age-related OA (7) . Here we have investigated whether there are structural changes in the cartilage in Trpv4 −/− mice at an age before the femoral heads have been affected by mechanical loading due to weight bearing and walking, that is, pups 4-5 days old. Given that TRPV4 is mechanically activated by movements of the matrix, by addressing this question, we hope to gain insight into whether matrix production is modulated by TRPV4 during development and early life, when such stimuli are reduced compared with periods of physical activity.
We investigate the morphological characteristics of the femoral head cartilage at the micrometer and sub-micrometer scales using two-photon microscopy in order to understand if the absence of spontaneous and induced Ca 2+ activation via the TRPV4 channels (2, 3, 8, 9) has consequences on the architecture of the collagen fibers during embryogenesis and fetal development, up to days 4-5 after birth. While cartilage damage during OA progression is typically investigated using radiography and magnetic resonance imaging (10, 11) , subtle information on the organization of collagen at the molecular and fibrillary levels can be obtained using microscopy techniques. Electron microscopy and small-angle X-ray diffraction have been utilized in literature to study the structure and orientation of collagen fibers at the nanometer scale (12, 13) , but the drawback of these techniques is that they provide only a snapshot on a relatively small scale of the whole sample. Staining of tissue sections or cellular assemblies using picrosirius red enables visualization of collagen fiber distribution in light microscopy on the micrometer scale, and sample observation between cross-polarizers can reveal information also on the sub-micrometer alignment of collagen fibers (14) . On a larger scale, optical coherent tomography (OCT) and polarization-sensitive OCT have also been used, but these techniques suffer from averaging over a larger volume due to their low axial resolution, in the order of tens of micrometers (15, 16) .
The property of collagen to generate second harmonic signal (second harmonic generation [SHG]) when excited in two-photon microscopy has been applied to study native collagen in tissues, as it provides a label-free imaging method while preserving the sub-micrometer resolution of confocal microscopy. The SHG is the property of noncentrosymmetric molecules or supramolecular assemblies (i.e., molecules or assemblies without a symmetry center) to scatter an incident radiation at half the excitation wavelength. This condition is met in biology by helical molecules such as collagen and its supramolecular fibrillary assemblies. Collagen type I organization is the most studied using this method, as it provides a high SHG signal due to the formation of long and thick bundles (30-500 nm in diameter, up to 1 cm length), for example in skin, tendons, ligaments, organ capsules, or connective tissue (17) . Collagen type II, which is found in the cartilage, forms much smaller and thinner fibrils, with a diameter of~48 nm due to the interposition of collagen IX (12) , giving a lower SHG signal, and therefore harder to detect.
Adding polarized excitation and detection in all light microscopy techniques (including two-photon microscopy) confers a supplementary dimension to the images (in addition to intensity) by giving information on the molecular orientation (18, 19) . As shown in Figure 1A , the laser linearly polarized in the xy plane excites the collagen fibers (represented as a triple helix) with a given 3D orientation. The fibers are preferentially excited if their long axis is aligned along the laser polarization direction. The intensity of the emitted SHG signal is proportional to the magnitude of the fiber projections on the x-and y-axes (which depend, on their turn, on the angles formed by the fiber with the three axes-x, y, and z). Note that the signal emitted in the z direction cannot be measured in this configuration and requires other experimental setups for detection (20) .
MATERIALS AND METHODS

Sample Preparation
Femoral bones with cartilage topping the head have been obtained from pups aged 4-5 days. Two mouse strains have been used in this study: the wild type (WT) C57Bl/6 from Charles River (Wilmington, MA) and the knockout strain lacking the expression of the mechanosensitive voltage channel Trpv4 (Trpv4 −/− , Jackson Laboratory (Bar Harbor, ME), MGI ID: 2667379 on a C57Bl/6 background) (21) . The dissected femoral heads were washed with phosphate buffer saline (PBS), then immediately immersed in 80% glycerol, and frozen in liquid nitrogen. All samples have been imaged within 2 weeks after the collection. On the day of the experiment, the samples were thawed on ice and washed with PBS to remove the excess of glycerol, then mounted in 1% lowmelting point agarose, and covered with a cover glass no. 1.5 for imaging. The femoral heads were placed with the intraarticular ligament facing upward (as shown in Fig. 1C ), trying to ensure that all samples were fixed in the same orientation. All animal works have been done in compliance with protocols approved by the German Federal authorities (State of Berlin).
Two-Photon Microscopy
SHG images have been acquired with a two-photon microscope (Trimscope I; LaVision Biotec GmbH, Bielefeld, Germany) custom modified for polarization measurements ( Fig. 1B) . The SHG signal of the femoral cartilage was generated using 1,100 nm excitation wavelength from an optical parametric oscillator (OPO) (APE, Berlin, Germany) pumped by a Titanium:Sapphire laser (Chameleon Ultra II; Coherent, Santa Clara, CA). The OPO wavelength was chosen to avoid the Titanium:Sapphire path, which contains other polarization-active elements. The OPO beam was passed through a polarizing beam splitter (Thorlabs, Newton, NJ) to clean up the polarization direction and then either through a quarter-wave plate (Thorlabs) to obtain circularly polarized light or through a half-wave plate (Thorlabs) to rotate the plane of the linearly polarized light. Rotation of the polarization plane of the OPO beam was achieved by placing the half-wave plate in a motorized rotation mount (Thorlabs). Thus, the collagen fibers of the cartilage with different orientations could be sequentially excited. A water immersion Olympus 20×, 0.9 NA, objective dedicated for multiphoton excitation was used for imaging. The SHG signal was detected in the backward direction using a 560/40 nm emission filter. The emitted light was then split using a polarizing beam splitter (Thorlabs) between two GaAs detectors (LaVision Biotec GmbH). Using circularly polarized excitation, the whole cartilage structure was scanned using 3 × 3 tiles (400 × 400 μm each) and a depth of~500 μm. The tiles were stitched in ImageJ/Fiji (22) . The merged SHG intensities measured in the parallel and perpendicular channels using circularly polarized light were used to reconstruct the 3D structure of the whole cartilage in Imaris (Bitplane/Andor, Belfast, UK). All other image processing was done in ImageJ/Fiji (https://fiji.sc/).
Using linearly polarized excitation, only one confocal plane (400 × 400 μm, 512 × 512 pixels) was selected and imaged using different rotation angles of the half-wave plate. The plane was chosen close to the top of the cartilage structure, avoiding the ligament region.
To correct for the different transmission and collection efficiencies of the system for the parallel and perpendicular directions, a rhodamine 6G solution in water (with very fast depolarization time) was measured for every experiment using both circularly and linearly polarized excitation. The correction factor G was calculated:
where I kRh6G and I ⊥Rh6G are the intensities measured for the rhodamine 6G solution in the parallel and perpendicular channels, respectively. The SHG intensity images of the cartilage in the parallel and perpendicular channels were also corrected by background subtraction.
Polarization images of the SHG signal were calculated using the formula:
The parallel detection channel was considered for all images relative to the 0 orientation of the half-wave plate.
Histograms of polarization values per pixel were obtained in ImageJ/Fiji, and further statistical analysis was done in the open source software R (https://www.r-project. org/) using the fitdistrplus package (23) . The background contribution to the histogram of polarization values has been excluded by creating a mask from the intensity images after applying a band-pass fast Fourier transform (FFT) filter.
The SHG intensity images obtained along the parallel direction using linearly polarized light were plotted against the rotation angle of the half-wave plate, and the curve was fitted with a model from literature (24) using the Matlab software (Mathworks, 2018, Natick, MA):
where I k is the SHG intensity measured along the parallel direction, α is the rotation angle of the polarization direction, and A, B, and C are fitting parameters that can be further used to calculate the ratio ρ of the two independent tensorial components of the second-order susceptibility (χ xxx , χ xyy ) (see Ref. 24 for notation details):
Graphs were plotted in Matlab or GraphPad Prism (GraphPad, San Diego, CA).
RESULTS
To investigate the collagen structure in articular cartilage, we obtained images of samples from 4-5-day-old mice pups, six WT mice, and seven Trpv4 −/− mice. All average and standard deviation values are reported on these number of samples (n = 6 for WT and n = 7 for Trpv4 −/− ).
The femoral heads with a layer of intact cartilage were immobilized in low-melting-point agarose with the intraarticular ligament facing upward to ensure that the surface of the cartilage was imaged with the highest resolution of the microscope, corresponding to the xy plane (Fig. 1C) .
In a standard configuration, the SHG of collagen fibers aligned parallel with the polarization direction of the illuminating two-photon laser will be preferentially excited. In order to circumvent this limitation, we modified the excitation path in two ways ( Fig. 1B) :
a. By inserting a quarter-wave plate (λ/4), circularly polarized light was obtained, to equally excite the collagen fibers in all directions in the xy plane of the microscope. b. By inserting a half-wave plate with the possibility of rotation, images were acquired at multiple excitation angles, from 0 to 180 in steps of 10 .
We additionally modified the detection path of the microscope by inserting a polarizer between two sensitive GaAs detectors, allowing the acquisition of the SHG images on a parallel and a perpendicular direction relative to the laser polarization direction.
In order to obtain morphological information on the femoral cartilage structure, we acquired SHG intensity images with circularly polarized light excitation. To extract information on the orientation of collagen fibers within the cartilage, we used the parallel and perpendicular images obtained with linearly polarized light excitation ( Fig. 1D ).
Morphology Analysis of the 3D Cartilage Structure
Using the circularly polarized light, the whole femoral head structure was scanned in xyz using 3 × 3 tiles that were stitched and rendered in 3D. Figure 2 shows an example of such 3D reconstruction, where the cartilage network generating the SHG signal is visible and delineates the lacunae holding the chondrocytes. The cellular structures are not visible, as they do not generate SHG signal. The overall morphology of the femoral cartilage is very similar for the WT and Trpv4 −/− samples.
To analyze the thickness of the cartilage, we measured transversal sections at different depths: 200, 300, and 400 μm below the end of the ligament (Fig. 3A ). On these sections, the femoral head cartilage appears as a ring-shaped structure (Fig. 3B ). The Radial Profile plugin implemented in ImageJ/Fiji (https://imagej.nih.gov/ij/plugins/radial-profile.html) was then used to quantitate the integrated intensity as a function of distance from the center of a circle defined around the cartilage structure ( Fig. 3B, yellow circle) . The resulting plots were normalized according to the highest intensity value (Fig. 3C ). To estimate the width of the cartilage, we applied two approaches. First, the widths at 25%, 50%, and 75% from the normalized peak intensity were measured ( Fig. 3C) . Second, the integrated area under the curve was also calculated. Although the average values of all these measurements indicate that the cartilage of the Trpv4 −/− mice has a tendency toward increased thickness, no statistically significant differences were detected between any of these parameters (Fig. 3D,E) .
Analysis of Collagen Fiber Orientation from Polarization Images
We then investigated whether there were changes in the orientation of collagen fibers in articular cartilage isolated from the Trpv4 −/− mice. Images were acquired with linearly polarized laser excitation, and emission was split between two detectors using a polarizing cube. Figure 4A explains how these images provide information on the orientation of the collagen fibers. The linearly polarized laser light preferentially excites the collagen fibers parallel with the polarization direction. If these fibers are also oriented along the parallel direction of the polarizing cube, the intensity along this direction will exhibit a higher intensity. The fibers oriented at an angle relative to the laser polarization direction will emit on either the parallel or the perpendicular channel, depending on the angle: the higher this angle, the more light will be emitted on the perpendicular direction of the polarizing cube. Fibers with 90 orientation relative to the laser excitation direction will not be excited and thus not contribute to the images. When the laser polarization direction rotates, different collagen fibers within the composition of the cartilage will be excited and will emit either on the parallel or the perpendicular direction of the cube, depending on their orientation. Thus, the SHG intensity varies along the parallel and the perpendicular directions with the rotation of the polarization direction of the laser, as shown in Figure 4B . Using these intensity values, the polarization parameter p = I k −GI⊥ I k + GI⊥ can be calculated (see also Materials and Methods for the explanation of G). The parameter p also shows variations with the orientation angles of the laser polarization direction (Fig. 4C ). As the SHG emitted along the perpendicular direction can have higher values for some orientation angles of the laser excitation direction, p can take negative values.
Polarization images were calculated on a pixel-by-pixel basis for all WT and Trpv4 −/− cartilage samples ( Fig. 4D ) and statistically analyzed (Fig. 5 ). Example histograms of polarization values p for individual images measured for WT and Trpv4 −/− mice are shown in Figure 5A . The total histograms of these values have been obtained by putting together the values in all pixels of the polarization images obtained at all laser excitation angles (Fig. 5B) . These data indicate that the polarization parameter tends to be distributed toward higher values for the WT samples compared with the Trpv4 −/− samples. Interestingly, the amplitudes of the two peaks of the histogram are similar in the distribution calculated for the WT samples, while the amplitude of the peak situated at negative (i.e., low) polarization values is higher for the Trpv4 −/− samples. Higher polarization values (p) come from a higher intensity of the SHG signal detected along the parallel direction of the polarizing cube splitter. Thus, these results show that the WT cartilage tends to have more collagen fibers aligned with the parallel direction of the detection. In the Trpv4 −/− samples, the fibers seem to be more randomly oriented along multiple directions, as the intensity emitted along the perpendicular direction is higher.
The total histograms of polarization values have a complex shape, and therefore, it is difficult to find a model to fit them. To understand better where differences between the two groups of samples occur, we analyzed individual histograms obtained at each rotation angle of the laser excitation direction. We observed that the distribution of p values in individual histograms is not always symmetric; so we analyzed the skewness of these distributions. This parameter indicates how well the histogram resembles a normal (Gaussian) distribution. A skewness value around 0 indicates a symmetric Gaussian distribution, while positive or negative skewness values indicate that the distribution is not symmetric, with tails observed toward positive or negative values. Depending on the incidence angle of the laser, the distributions of the polarization values for both types of samples were either normal or nonsymmetric (Fig. 5C ). Therefore, we considered the median and the interquartile range rather than mean and standard deviation to compare these distributions. At all rotation angles, a tendency toward lower median polarization values is observed for the Trpv4 −/− mutants compared with the WT mice ( Fig. 5D ), similar to the total histogram. The spread of the values within individual histograms is indicated by the interquartile range. For most of the rotation angles, the mutant samples show slightly higher interquartile ranges, that is, slightly higher spread of the polarization values (Fig. 5E ). We interpret the tendency toward higher spread of the p values in the mutant samples (indicated by the interquartile range and skewness) as a tendency toward a more random orientation of the collagen fibers in mutants compared with the WT samples.
Although all the parameters measured for the distribution of the polarization values indicate a tendency toward a higher spread of the orientation of the collagen fibers in Trpv4 −/− samples, we could not conclude that there is a statistically significant difference between the mutants and the WT mice within the error limits given by the standard deviation (plotted on Fig. 5C,D,E) .
Analysis of Collagen Fiber Orientation from SHG Intensity Images
We next applied a second approach to ask if the orientation of collagen fibers in articular cartilage differs in Trpv4 −/− samples. Under the influence of the oscillating light electric field, separation of molecular charges occurs in the collagen fibrillary structures (Fig. 6A) . The magnitude of the charge separation has a nonlinear dependence on the laser intensity in two-photon microscopy, when high power, pulsed laser sources are used (for a review, see Ref. (25) ). This property is known as second-order polarizability (or susceptibility). Furthermore, due to the elongated form of the collagen fibers, the amplitude of the charge separation is not the same on all spatial directions (Fig. 6A ). This is mathematically described using a 3D vector (or tensor), which takes into account both the magnitude and orientation of the generated electrical fields in the fibers, as well as the direction of the laser in 3D. Thus, by evaluating the ratio between the tensorial components of the second-order susceptibility along the long and short axis of collagen fibers, it is possible to obtain information on the orientation of the collagen fibers. This can be done by fitting appropriate equations to the SHG intensity images obtained via the rotation of the direction of the laser polarization. Analytical expressions have been derived for both the case when the total SHG intensity is measured (26) , as well as when the SHG intensity is detected along the parallel and perpendicular directions (24) . We have used the second approach and fitted the SHG intensity along the parallel direction of detection using Eq. 3 (Materials and Methods). An example of such fit on a Trpv4 −/− sample is shown in Figure 6B . The average ratios of two tensorial components of the second-order susceptibility of collagen fibers (Eq. 4 and 5 in Materials and Methods) and their standard deviations calculated for the WT and mutant samples are shown in Figure 6C . Fitting was done separately on the integrated intensity in the most superficial layer (~20 μm from the cartilage surface) and the integrated intensity across the rest of the cartilage on each image. No significant differences could be observed between the superficial and the deeper zones for either WT or mutant samples using the integrated intensity values (Fig. 6C) . The average value of the two tensorial component ratio is closer to 1 in the case of Trpv4 −/− mice, possibly indicating again the tendency of collagen fibers to be more randomly oriented in different directions. However, also from this analysis, we cannot conclude a statistically significant difference between the two groups.
DISCUSSION
In previous studies, we have focused on the influence of the ECM on the function of the mechanosensitive channels (3) . In this study, we aimed to explore the inverse relationship and to see if we can identify possible correlations between the expression of the TRPV4 channel and the organization of the collagen fibers forming the cartilage. We addressed this question in an animal model rather than isolated cells. Our model was chosen based on the observation that the Trpv4 −/− mice are known to develop OA (6, 27) , thus alterations in the cartilage structure, in contrast to the conditional deletion in adult mice which was shown to protect against OA development (7) . However, in human patients, mutations in the TRPV4 gene can lead to joint dysfunction (28, 29) , with joint defects exacerbated in load-bearing regions. These data highlight the fact that TRPV4 can have variable impacts depending on when the channel is ablated, and these differences may reflect diversity in activation via mechanical inputs. The impact of TRPV4 signaling is further complicated by the fact that TRPV4 has been implicated in chondrogenic differentiation (5) . In addition, TRPV4 inactivation disrupts collagen deposition in mesenchymal stem cells (30) . These data suggest that TRPV4 may be required for ECM deposition during the development of the cartilage tissue.
In order to determine whether cartilage is malformed when TRPV4 is absent during development, our study was conducted using a label-free imaging technique based on the measurement of the SHG signal under two-photon excitation. The structure of the osteoarthritic cartilage has been investigated before using SHG, but data were obtained on cartilage samples subjected to mechanical load, either after surgical induction of OA in mice (31) (32) (33) or from patients undergoing knee surgery for OA (34) (35) (36) . Our present contribution aims to correlate the structural modifications of the cartilage matrix with molecular mechanisms affecting the chondrocytes (i.e., reduction of Ca 2+ transients due to the absence of the TRPV4 channels) at a time point post-cartilage development but before the tissue has been subjected to ongoing mechanical loads, that is, in pups at P4-5. In addition, at this developmental stage, the cartilage is known to be thicker than at adult stages (37) , and the bone ossification process is not yet fully finished, thus avoiding the overwhelming contribution of bone SHG signals to the imaging (32) . We compared features within the whole structure of the femoral cartilage, as well as the sub-micrometer scale orientation of collagen microfibrils in the femoral cartilage of the two groups of mice.
The overall morphological structure of the femoral cartilage was imaged with circularly polarized light to excite with equal probability fibers oriented in different directions of the space. Quantitative measurements of the cartilage thickness did not demonstrate statistically significant differences between WT and Trpv4 −/− mice, although a tendency toward higher mean values of the thickness was observed for the mutant samples (Fig. 3D,E) . This observation could be correlated with other results obtained at the cellular level, showing the requirement of active TRPV4 channels for collagen compaction (38) .
The orientation of collagen fibers was explored at the sub-micrometer scale by exciting the samples with linearly polarized laser light and detecting the emission of the SHG signal with two detectors, aligned parallel and perpendicular to the excitation direction. Rotating the direction of the laser light ensures the sequential excitation of fibers with all spatial orientations in the xy plane. However, this does not explore molecular orientations along the z-axis. The calculated polarization parameter p offers information on the ratio between the light detected along the parallel and the perpendicular directions. Lower values of p for the same orientation of the laser excitation imply more collagen fibers emitting along the perpendicular direction of detection. A tendency toward lower p values has been observed for mutant samples and might indicate that the collagen fibers have more scattered orientations along different spatial directions compared with the WT mice ( Fig. 5 ) at 5 days old. However, the detailed statistical analysis did not reveal significant differences between the two groups. This tendency to a more random orientation of collagen fibers in Trpv4 −/− mice is also supported by the lower values of the ratio of two tensorial components of the second-order susceptibility of collagen fibers, but again, without showing significant differences with the WT group (Fig. 6) . The trend of a more disorganized collagen II matrix in Trpv4 −/− mice suggests that over time (aging) and extra load (overweight), the cartilage could be more prone to develop OA, as observed before (6, 27) .
Although our measurements point toward more scattered orientations of collagen fibers in Trpv4 −/− mice, the differences were not statistically significant compared with WT samples at this age (4-5 days after birth). We interpret these data in the view of some recent results obtained by Gilchrist et al. (30) . Using stem mesenchymal cells grown on micropatterned substrates, the authors demonstrate that continuous exposure to TRPV4 channel inhibitors leads to a marked decrease in the deposition of aligned collagen fibers after 14 days in 2D substrates. However, the cell signaling (measured by quantitation of Ca 2+ spontaneous oscillations) decreases significantly during the first day and recovers back to control levels after 7 days in the continuous presence of TRPV4 channel inhibitors. This means that adaptive mechanisms are in place to compensate for reduced Ca 2+ signaling via TRPV4 channels, which might also be the case in the embryonic cartilage. This hypothesis is supported by our recent data analyzing the activation of mechanosensitive channels in primary chondrocytes. We noted that in WT cells, the application of a TRPV4-specific antagonist reduced mechanically activated currents to 13 AE 6% or the original magnitude. In contrast, in cells isolated from a Trpv4 −/− mouse, mechanosensitive channel activity was only reduced to around 50%, indicating a compensatory current was present when TRPV4 was chronically ablated. Knockdown of PIEZO1 transcripts in the Trpv4 −/− cells completely ablated the currents, suggesting that PIEZO1 can compensate for a chronic loss of TRPV4 (3, 39) . In addition, the cartilage is a complex environment where collagen II fibers associate with proteoglycans and other collagens to stabilize the network (40) . Thus, the additional ECM proteins might have an influence on collagen II deposition and alignment in a 3D environment. One important difference between animal samples and isolated cells is that collagen deposition still occurs in the Trpv4 −/− mouse cartilage during the intrauterine development and the first few days after birth at comparable levels with the WT mice. We propose that significant differences with the WT mice could not be observed in the orientation of collagen fibers because at this stage of development, the mechanical load on the articular cartilage is minimal and compensatory mechanisms take place. Indeed, substantial modifications of the structure of the osteoarthritic cartilage have been observed 8 weeks after the surgical induction of OA in mice (31, 32) or in human samples where the advanced stage of OA progression required surgical replacement of the joint (34) (35) (36) .
It is also possible that in our measurements, the differences are somehow mitigated by the lack of very precise alignment of the cartilage supported by the femoral bone along the z-axis. Sample fixation in agarose was done manually, and although we tried to keep the ligament upward, small variations in the angle were possible. This could influence the magnitude of the xy projections both for measuring the cartilage thickness on the 3D reconstructed images and for estimating the polarization values.
Using 1,100 nm wavelength and a 0.9 NA objective, we excite fibers in a confocal volume of~730 nm in the xy and > 2 μm in the z directions. Given the small thickness of collagen II fibers (~50 nm), we probably average over a relatively high number of fibers, with possible different orientations. Furthermore, it was shown that with high NA excitation, collagen fibers with an off-plane tilt above 50 could introduce extra polarization coupling contributions from out-of-plane components (36) , influencing the p values in the xy plane.
The initial experiments presented here demonstrate that the impact of a loss of TRPV4 on cartilage biology is likely not due to malformation of the cartilage but due to a slower process that occurs over time. Future studies are necessary to investigate the progression of fiber alignment at later stages in the development, after the articular cartilage has been submitted to physiological mechanical load. To the best of our knowledge, an intravital examination of the osteoarthritic cartilage using two-photon microscopy and SHG has not yet been published. Understanding the different stages of the disease progression requires finding new techniques for longitudinal intravital imaging of the articular cartilage. These regions are not easily accessible with microscope objectives, but recent developments of GRIN lenses for the exploration of deep organs and cavities in live animals (41, 42) , as well as the first report on preclinical translation of SHG microscopy to the meniscal and articular cartilage (43) , could provide solutions for this problem.
